Adult normothermic monkeys were sub mitted to 1 h of total cerebral ischemia. followed by blood recirculation for 1.5-24 h. During ischemia EEG and evoked potentials were suppressed within 12 sand 3 min. respectively. Upon recirculation. high-voltage EEG
bursts began to reappear after 82-125 min. followed by gradual return of continuous background activity and near normalization of EEG frequency pattern within 24 h. Somatically evoked potentials. in contrast, exhibited only partial recovery. and consciousness did not return during the observation period. At the end of the experi ments. tissue contents of sodium. potassium. calcium. and magnesium were measured in the gray and white matter of parietal lobe by atomic absorption spectros-In a series of experiments going back to the early 1970s, evidence was provided that. in normo thermic barbiturate-anesthetized cats and monkeys, a progressive restoration of metabolic and electro physiological activity of cerebral cortex is possible after 1 h of complete cerebrocirculatory arrest pro vided no retlow can be prevented after ischemia (Hossmann and Sato, 1970; Hossmann and Zim mermann, 1974) . However, later studies in our and other laboratories indicated that the sequel of post ischemic disturbances cannot be explained by post ischemic recirculation disturbances alone. In so called selectively vulnerable areas of brain such as hippocampus or cerebellum, neurons may be irre versibly damaged after ischemia as short as 5 or 10 min, although blood recirculation is not impaired (Diemer and Siemkowicz, 1981; Kirino, 1982; Su zuki et aI., 1983) , and it has been demonstrated that a secondary suppression of metabolic recovery may occur in these regions after a period of transient copy. Gray matter sodium content gradually increased by �50% from 41.0 to 59.8 Il-mol/g wet wt during 24 h of recirculation. The other electrolytes including calcium did not change during the observation period. Postisch emic recovery reported in this and the accompanying ar ticle is attributed to careful control of postischemic gen eral physiological state and prevention or treatment of postischemic complicating side effects such as postisch emic brain edema. hypotension, acidosis. pulmonary dis tress. and anuria. No specific drug treatment such as ap plication of calcium antagonists or metabolic inhibitors was necessary to achieve this effect. Key Words: Brain electrolytes-Cerebral ischemia-EEG-Evoked po tential-Monkey -Resuscitation.
recovery (Mies et aI., 1983; Bodsch and Ta kahashi, 1984) . Furthermore, the role of barbiturates for the interpretation of the earlier experiments has to be considered. Although most recent observations seem to suggest that barbiturates do not improve the postischemic recovery process (Gis void et aI.. 1984; Koch et aI., 1984) . earlier evidence of a brain protection (Bleyaert et al.. 1978 ) cannot be simply dismissed, particularly not if barbiturates are given prior to the onset of ischemia. Our previous con clusions concerning the revival of the brain after prolonged ischemia may therefore have been too optimistic, and the degree of functional and meta bolic restitution may appear less dramatic if barbi turates are omitted and if a more detailed anatom ical evaluation of the recovery process is per formed.
To explore this possibility, the effect of 1 h of total brain ischemia was studied in monkeys that were anesthetized with halothane and nitrous oxide in stead of barbiturates for surgical preparation. The use of a volatile anesthetic had the additional ad vantage that it could be discontinued immediately after the onset of ischemia, thus allowing the in vestigation of postischemic resuscitation without interference by anesthesia as long as the animals did not regain consciousness. We also investigated two factors that recently have been implicated, di rectly or indirectly, in the degree of postischemic injury: persisting or secondary disturbances of pro tein synthesis (Dienel et aI., 1980; Bodsch and Ta kahashi, 1984) and changes of calcium homeostasis of brain tissue (Yanagihara and McCall, 1982; Simon et aI., 1984) . Finally, the high resolution of protein synthesis autoradiograms permitted us to study the problem of if, and how far, morphological alterations correlate with biochemical disturbances at a cellular level.
The results obtained indicate that our earlier con clusions about the recovery of electrocortical ac tivity and biochemical functions after prolonged ischemia are still valid, and that there are even in dications of a more homogeneous recovery process than previously assumed. However, they also dem onstrate that there are long-lasting alterations of cortical evoked potentials and of sodium homeo stasis, and that circumscribed areas of the brain that are known to be selectively vulnerable are irrevers ibly damaged. It therefore cannot be excluded that these lesions are responsible for the slow progres sion of the postischemic functional recovery pro cess.
In the first part of this investigation, our obser vations on electrophysiological recovery and tissue electrolytes will be described, and in the second part (Bodsch et aI., 1986) our findings on morpho logical alterations and the recovery of protein sy n thesis.
MATERIALS AND METHODS

Animal preparation and production of ischemia
Eight adult rhesus monkeys (five males, three females) weighing between 3.5 and 12.5 kg were used. The animals were tranquilized with 50-125 mg ketamine (Ketanest), intubated, and following immobilization with 0.3 mglkg pancuronium bromide (Pancuronium) ventilated with a gas mixture of 0.4-0.8% halothane, 70% N20, the rest oxygen. Catheters were placed into both femoral veins (for infusion of drugs and radiochemicals) and into the femoral artery (for blood pressure recording and sampling of arterial blood). Respiration of the animal was adjusted to yield a Pac0 2 of -40 mm Hg and a Pa0 2 of> 140 mm Hg ( Table 1) . Body temperature was kept constant at 37°C using a feedback-controlled heating system. Two animals served as controls and were maintained in anesthesia and under artificial ventilation for 5 h without further intervention except control of blood gases and continuous infusion of Ringer's solution (20-30 mIl h, depending on body weight). The other six animals were s . ubmitted to global ischemia of the brain. For this pur pose, thoracotomy was performed on the left side, the internal mammary arteries were ligated, and the brachio-J Cereb Blood Flow Metabol, Vol. 6. No. 1, 1986 cephalic and left subclavian arteries were exposed close to their origin at the aortic arch. Blood pressure was low ered by rapid infusion of the ganglioplegic agent camphor sulfonate (Arfonad), and the brachiocephalic and left sub clavian arteries were cross-clamped as soon as systolic pressure fell below 60 mm Hg. In most animals, blood pressure sharply rose after vascular occlusion; in these cases, infusion of Arfonad was accelerated, and arterial blood was withdrawn until systolic pressure returned to below 80-90 mm Hg. Completeness of ischemia was monitored by injecting a bolus of 1 mCilkg 133Xe into the femoral vein immediately before vascular occlusion and monitoring the clearance of the tracer from the head with an external scintillation detector. As soon as the EEG flattened after the onset of ischemia, anesthesia was dis continued.
Five minutes before the end of ischemia, infusion of 20% mannitol (8 mIlkg in 20 min) and of 0.3 M Tris (10 mIlkg in 20 min) was started for the raising of blood serum osmolality and for the compensation of blood acidosis that regularly develops during and shortly after ischemia. Immediately before the end of ischemia, blood pressure was sharply raised by the infusion of norfenefrine (No vadral), and clamps were removed when systolic pressure reached a value of -180 mm Hg. Thereafter, the infusion speed of Novadral was adjusted to maintain a mean ar terial blood pressure of -100 mm Hg during the initial 3 h of recirculation, and of -75 mm Hg during the re mainder of the experiment (Table I) .
Recirculation times after ischemia were 1.5, 3, 6, 12, and 24 h. During recirculation animals received an infu sion of 20-30 mIlh Ringer's solution and, if necessary, therapeutic doses of sodium bicarbonate, strophantin, dopamine, xylocaine, Diamox, and furosemide to treat metabolic acidosis, cardiocirculatory insufficiency, car diac arrhythmia, and anuria, respectively.
Anesthesia was not resumed during recirculation be cause animals remained unconscious throughout the ob servation period. In the two animals with 12 and 24 h of recirculation, continuous EEG activity returned. Al though these animals did not exhibit any signs of con sciousness, special care was taken to avoid painful stim ulation. To this purpose, all surgical incisions were care fully sutured and infiltrated with Novocain, and animals were removed from the stereotactical instrument and brought into a comfortable position. Before final brain sampling (see following text), animals were reanesthe tized with halothane, and shortly after circulation was arrested by air embolism. One animal with 3 h of recir culation was rejected because full surgical anesthesia was maintained inadvertently throughout the experiment.
Forty-five minutes before the end of the predetermined recirculation time, a mixture of five tritiated amino acids was injected intravenously for determination of protein biosynthesis, as described in the accompanying article (Bodsch et al., 1986) . At the end of this period, the frontal pole of the left hemisphere was removed with a spatula and freeze-clamped in liquid nitrogen. Blood circulation was then arrested and the brain was rapidly removed and dissected into six coronal slices. Two of these were frozen for regional autoradiographic evaluation of protein synthesis, three others were fixed in formalin for histo logical examination, and the sixth was transferred to a moist chamber for sampling of tissue for determination of electrolyte content. 
Electrophysiological recordings
The heads of animals were fixed in a stereotaxic frame and the right somatosensory area was exposed, leaving the dura intact. An active silver ball electrode was placed over the arm area of the sensory cortex, and a reference electrode on the frontal bone. The skin of the left forearm was stimulated with square pulses delivered by needle electrodes (0.3 ms, 15 V), and the primary evoked poten tial was recorded from the somatosensory cortex after appropriate adjustment of the active electrode.
EEG activity was recorded with bipolar silver ball elec trodes from the dura in the region of the right motor cortex. Signals were stored on magnetic tape, and Fourier frequency analysis was performed off-line using a labo 
Measurement of tissue electrolytes
Tissue samples weighing between 15 and 30 mg were removed from the parietal cortex and subcortical white matter in a moist chamber and immediately transferred to a vial containing 200 I.d HzO. After weighing, samples were sonified, and 100 fJ.. l of the suspension was mixed with 700 fJ.. l 1 N HN03 for extraction of tissue electrolytes for 1 week at room temperature. Samples were then cen trifuged, and electrolytes were measured in diluted ali quots of the supernatant by atomic absorption spectros copy (type 2880; Perkin-Elmer Corp., Norwalk, CT, U.S.A.) as follows: sodium (diluted 1:40) at 589 nm, po tassium (diluted 1: 10) at 769.9 nm, magnesium (diluted 1:10) at 285.2 nm, and calcium (diluted 1:1.2 with 1.5% SrCI2) at 422.7 nm. Blanks and standard solutions were prepared for each electrolyte using the same final con centrations of nitric acid (for calcium also of SrClo) as for tissue extraction. For prevention of external ion contam ination, all solutions, samples, and standards were pre pared with deionized water from the Milli-Q Reagent Water System (Millipore, Molsheim, France) and stored in plastic vials. Chemical reagents were of pro analysis grade.
RESULTS
General physiological measurements
Before ischemia all the measured parameters were within physiological range ( Table 1) . After vas cular occlusion, blood pressure was deliberately lowered to avoid collateral blood flow to the brain, but the other parameters did not change. During recirculation following 1 h of ischemia, a variety of drugs was given, as described in Materials and Methods, for prevention or treatment of postisch emic complicating side effects such as postischemic cardiocirculatory insufficiency, acidosis, and an uria. As a result, blood gases and serum electrolytes remained stable during the initial 6 h of recircula tion. However, after 12-24 h pulmonary distress developed, which required mild hyperventilation to maintain blood gases at physiological levels. There was, furthermore, an increase of serum glucose and a gradual rise of serum osmolality to a maximum of 330 mOsmol l L after 24 h of recirculation.
The density of ischemia was determined by re cording the clearance of radioactivity from the head following intravenous injection of a bolus of 133 Xe immediately before vascular occlusion. In three of the five experimental animals, the half-time of the decline of radioactivity was> 3 h, and in two others it was 1.7 and 2.3 h. Obviously, this value is an overestimation of tracer clearance from brain be cause the scintillation detector recorded some ra dioactivity from the airway s that declined as a func tion of tracer clearance from the caudal nonisch emic parts of the body. However, even if this loss was interpreted as brain clearance, the remaining cerebral blood flow was <0.006 ml l g/min, i.e., far below the threshold of cell membrane depolariza tion (Astrup et aI., 1981) .
After opening of the vessels. radioactivity sharply declined with a half-time of 0.8-1.5 min. indicating immediate reperfusion of the ischemic brain with flow rates between 0.4 and 0.7 ml/g/min.
Electrophysiological observations
Electrocortical activity ceased within 12 s after the onset of ischemia. During recirculation, the first sign of spontaneous electrocortical recovery was the return of short-lasting bursts of sharp waves with amplitudes of up to 350 f.L V. Such bursts reap peared in all but one animal after 82-125 min of recirculation. The exception was the animal ex cluded from this study because anesthesia was in advertently continued during recirculation (see Ma terials and Methods). In four animals surviving �3 h. the amplitude of the bursts gradually declined, but the interval between these events shortened until, after 5-6 h, continuous background activity returned (Fig. I) .
Fourier frequency analysis revealed that during the early recovery period. slow-wave activity was greatly enhanced at the expense of fast frequencies. but this disturbance gradually improved until. in the animal with 24-h survivaL deviation from normal was <10% (Fig. 2) . circulation. Recordings were made before, during, and at indicated recirculation times after cerebral ischemia. Note the reappearance of single bursts after 1.5 h of recirculation, followed by a burst suppression pattern after 3-6 h and the return of continuous background activity after 12 h of recir culation. Fourier frequency analysis performed after 24 h re vealed an almost normal frequency pattern (see Fig. 2 ).
J Cereb Blood Flow Metabol. Vol. 6. No. I, 1986 Despite progressive EEG recovery, animals ex hibited no signs of consciousness during the obser vation period. Acoustic or tactile stimulation did not evoke EEG arousal, nor was there any reaction of blood pressure or pupil size. Recovery of EEG and of consciousness, in consequence, was disso ciated during the initial 24 h of recirculation.
Somatically evoked cortical potentials recovered less consistently than the EEG (Fig. 3) . Before isch emia. the first component of the response was a small surface-positive wave with a latency of �5 ms. followed by a negative wave with a latency of �7.5 ms. The main component consisted of a large surface-positive wave with a peak latency of 13-15 ms and an amplitude between 45 and 170 f.L V. This wave is designated P15. according to Branston et al. (1984) . After vascular occlusion, evoked poten tials were completely suppressed within <3 min and remained isoelectric throughout ischemia. During recirculation after ischemia, a beginning return of evoked potentials was observed in three of five an imals after 20-40 min. but there was a character istic change of the configuration of the potential (Fig. 3) . The latency of the early components re mained relatively constant, but the peak latency of PI5 increased by >5 to �20 ms. This prolongation was not reversed during the observation period, but rather seemed to increase the longer the animals survived. The amplitude of the evoked potentials did not recover either: In the animal killed after 1.5 h, it returned to 10%. in the animal with 12-h recir culation to 40%. and in the animal with 24-h recir culation to 25% of control.
Brain tissue electrolytes
Tissue electrolyte content was measured after termination of the experiments in the parietal cortex and in the subcortical white matter (Table 2 ). In the gray matter, the most conspicuous finding was a progressive retention of sodium, which rose by almost 50% from 41 to 60 f.Lmol/g wet wt during 24-h recirculation. The other electrolytes including calcium did not change at any time after ischemia. In the white matter, sodium content remained con stant during recirculation. The other electrolytes did not change either, with the only exception of calcium, which after 24 h exhibited an increase of 23%. However, at all other recirculqtion times, cal cium was normal, and it cannot be excluded that the high value after 24 h was a methodological arti fact.
DISCUSSION
The present demonstration of progressive post ischemic EEG recovery corroborates the earlier no tion that a substantial degree of functional recovery is possible after I h of complete cerebrocirculatory arrest in normothermic monkeys (Hossmann and Zimmermann, 1974) . In the second part of our study, this conclusion will be further substantiateJ by the demonstration of a progressive recovery of protein synthesis and by the structural preservation of the majority of cerebral neurons (Bodsch et al., 1986) . These findings are in agreement with similar observations made in our laboratory after 1 h of ischemia in cats (Hossmann and Sato, 1970) , but they are in obvious contrast to numerous other in vestigations in which much shorter revival times of the brain have been reported. Incomplete ischemia or hy pothermia as the reason for this discrepancy can be excluded because blood flow and body tem perature were monitored throughout the ischemic period. Preischemic pharmacological brain protec tion is also unlikely because the animals did not receive any drugs considered to reduce the isch emic impact by interfering with brain metabolism or functional activity. The difference between our and other observations, in consequence, must be related to the treatment of the animals during post ischemic recirculation.
The single most important factor for postischemic recovery is the prevention of recirculation distur bances (Hossmann and Sato, 1970) . In the present series of experiments, this was achieved by in creasing blood pressure just before the release of clamps, by treating postischemic brain edema with osmotherapy, and by careful stabilization of the car diorespiratory state and of the acid-base and elec trolyte homeostasis of blood. In many of the earlier studies in which recovery was not observed after prolonged ischemia, such treatment was not carried out, and it is conceivable that in these cases a com bination of postischemic hy potension, acidosis, and pulmonary distress may have induced cardiocircu latory insufficiency, brain edema, and hence sec ondary flow disturbances.
Specific drug treatment, on the other hand, seems to be of lesser importance. Several authors have suggested that calcium fluxes during or after isch emia are responsible for persisting brain injury, ei-ther by interfering directly with neuronal metabo lism (Bodsch and Ta kahashi, 1984; Simon et aI., 1984) or by causing vasoconstriction and hence postischemic hypoperfusion (Kazda et aI., 1982) . This notion is supported by the observation that calcium entry blockers or calcium antagonists may promote functional recovery after prolonged isch emia (Steen et aI., 1983; White et aI., 1983; Vaa genes et aI., 1983) . However, other authors were not able to detect an ameliorating effect of such drugs (Hossmann et aI., 1983; Dean et aI., 1984) . Quantitative measurements of tissue electroly te content indicate that persisting increases of calcium occur mainly in those regions of the brain in which irreversible cell injury has become manifest but not in areas without metabolical or structural lesions (Yanagihara and McCall, 1982; Dienel, 1984) . It is therefore not surprising that in the present series of experiments in which such injury was minor (Bodsch et aI., 1986) , calcium content did not in crease although calcium entry blockers were not given.
It should also be noted that EEG recovered in the absence of anesthesia. In fact, the only animal without return of electrical activity was the monkey that was rejected because halothane was inadver tently supplied during postischemic resuscitation. The detrimental effect of halothane may be ex plained by its interference with mitochondrial res piration. However, we did not anticipate that EEG recovery would be faster and more consistent without anesthesia than in a previous series of ex periments in which monkeys were anesthetized with barbiturates (Hossmann and Zimmermann, 1974) . This observation obviously needs further clarification.
In contrast to the rapid recovery of EEG, other pathological alterations that may have an unfavor able effect on the progression of neurological re covery were not reversible within the observation period of 24 h. The most obvious one is the increase in cortical sodium content, which rises by almost 50%. Similar observations have been previously made by Yanagihara and McCall (1982) after 3 h of ischemia in gerbils, and in our laboratory following 1 h of ischemia in cats and monkeys (Zimmermann and Hossmann, 1975; Hossmann et aI., 1977) . It remains to be clarified if the increase is reversible or not. Yanagihara and McCall (1982) interpreted it as a symptom of irreversible damage, but in our previous series in monkey s (Zimmermann and Hossmann, 1975) it normalized after 24 h. There is good evidence that the sodium increase is not the consequence of membrane depolarization because it is not associated with a depletion of potassium and because the electrical and synaptical excit-J Cereb Blood Flow Metabol, Vol. 6, No. I, 1986 ability of the brain is preserved. It is therefore more likely that it reflects either an adapted change to alterations of brain tissue osmolality or for regula tion of tissue pH.
Another intriguing observation is the slow and incomplete recovery of the somatically evoked po tentials. The waveform structure of the preischemic potentials was similar to that described by Branston et al. (1984) . The main component was a surface positive wave with a latency of 13-15 ms and an amplitude of up to 145 f.L V. This P15 wave is con sidered to be cortical and postsynaptic because it is inversed when an electrode is passed through the cortex. Two small waves with shorter latencies pre sumably represent far-field potentials originating fre m the thalamus and sensory radiation. After ischemia the latency of the far-field potentials re turned to normal, but the P15 wave was consider ably delayed and reduced in amplitude. This sug gests that the cortical component of the evoked po tentials was mainly affected, whereas the afferent influx was less involved. However, this conclusion is difficult to reconcile with the recovery of the EEG, which is also mainly of cortical origin and which returns to normal within 24 h. Furthermore, histoautoradiographic data that will be presented in the second part of this investigation (Bodsch et aI., 1986) demonstrate that protein synthesis recovers to near normal values in cortex but not in thalamic neurons. It therefore has to be considered that the disturbed waveform structure of the evoked poten tial is not due primarily to cortical injury but to a lesion of the thalamic relay or thalamocortical pro jections.
Despite this disturbance, the present investiga tion strongly suggests that a considerable degree of functional activity is preserved or restored after ischemia for as long as 1 h. In the second part of this investigation, this conclusion will be further substantiated by observations of brain metabolism and morphology.
